Hydrogen gas is such an indicator, easily detected by an intravascularly located platinum-tipped electrode catheter, which because of its affinitv for hydrogen molecules will serve as a hydrogen electrode. Hydrogen, after leaving the alveolar space, is carried in gas form. Upon contact with platinum a partial change from the molecular to the ionic state occurs witb the simultaneous release of electrons (H2 -> 2H+ + 2e-). The electrical potential obtained from such an electrode is a function of the partial pressure of hydrogen in its immediate vicinity and the surface area of the platinum electrode. Details of the underlying principles have been well described by Clark and associates'-6 and its clinical application has been discussed by 
Material and Methods
During routine cardiac catherization 210 observations were made in 60 patients with varying types of congenital heart disease. All procedures were carried out at the Cardiopulmonary Laboratory of the Children's Hospital Medical Center, Boston (table 1) .
Although hydrogen inhalation for the detection of left-to-right shunts was more frequently applied in cases in which oxygen saturation data were considered equivocal in this regard, in general, the patients were unselected and were representative of a cross-section of our patients with congenital heart disease. They were all studied in the fasting, unanesthetized state with only mild premedication consisting of meperidine, promethazine, and chlorpromazine.
Some of the infants and small children were asleep during the period of hydrogen inhalation. Most cooperated readily during the procedure.
Ages ranged from 6 days to 29 vears. There were only three patients over 18 Vears of age.
Analysis of blood samples for oxygen saturation was carried out by the standard spectrophotometric method with use of a Beeckman type-B apparatus. Dye-dilution curves after injection of indoeyanine green were samiipled bv a. Colsoii euvette and recorded on at Sanborn 550MI 8-chanlinel indirect photographi( recorder through a 350-1600 pvce-(C;rcl1atiow, Volutme XXVIII, October 1963 amplifier. External electrocardiogramiis were available in all cases. Cardiac output was determined by the Fick principle in all, and, in addition, by dye-dilution technic in some of the ehildren without shunts.
Arrival time is defined as the time lapsed froin inhalation of the gas to the initial deflection of the baseline of the voltage from the intracardiae electrode.
Hydrogen appearance times on the venous side were detected in older children by comimercially available platinum-tipped 5F or 6F Lehman electrode catheters, and in small infants by a 4F Lehman catheter, which had a bead of platinum cemented to its tip and the conducting wire contained within its lumen. Detection at the arterial sites was carried out by a 6-inch no.-23 platinum wire inserted either through an intra-arterial no.-20 needle or placed directly into the arterial lumen.
The electrode catheter or platinum wire was connected to a junction box by a length of no.-28 Teflon-covered wire, which was electrically shielded and could be sterilized.10 A second shielded cable led from a silver electrode on the patient's arm to the same box. Both the platinum and the silver electrode wires were directly connected through a junction box to the double-ended input of the electrocardiographic preamplifier, which was generally used with a sensitivity of 1/4 to 1 c./mrv. ( fig. 1) whom left-to-right shunts had been proved by one or more of the previouslv described methods (table 1) . Also shown are the arrival times in patients in whom the presence of a left-to-right shunt was disproved. Four seconds form a reasonable, although arbitrary, line of separation between patients with and without left-to-right shunting. The five early appearance times recorded in three patients in whom a shunt could not be proved by other means were related to a high output state with rapid circulation time in two. These cases are discussed below.
The values of 1 to 4 seconds represent a wider range for shunt appearance times than has previously been reported.7-9 Because arrival time in seconds does not take into account variations in heart rate, appearance time was calculated in beats. By this method the degree of overlap is slightly greater (5.1 per cent instead of 3.8 per cent). Since there seems to be little advantage in this correction, the appearance time expressed in seconds is now routinely used.
The absolute arrival. timne in secoonds did not permit identification of the exact site of leftto-right shunts. Very early appearance times occurred in patent ductus as well as in atrial septal defects. There was no difference in the average arrival time in the three major groups studied ( fig. 3B) .
A further observation common to all three methods of calculation is that the arrival time at the shunt and control sites seems to be independent of the size of the patient, at least in the pediatric age group (fig. 2 ).
There 2. Hydrogen has also been very valuable in clarifying the diagnosis when oxygen saturation data provided inconclusive evidence of left-to-right shunting (figs. 4 to 7). In this respect, the recording of an early appearance time from the appropriate chamber enhances the value of equivocal oxygen satur'atioin data.
Similarly, the problem posed by the isolated highly saturated superior vena eava sample or by varying levels of saturation in the right atrium where hepatie and renal venous streams meet, may readily be solved by identifying anomalous pulmonary venous drainage, if present. Although theoretically coronary venous blood carries hydrogen gas, an early arrival time through this pathway has only been recorded in the two instances in which the catheter was placed in or near the coronary sinus ( fig. 8). 3. During the course of any routine study, hydrogen may be of additional value in suggesting the presenee of mild forms of valvular regurgitation by recording an early appearance time in a chamber proximal to the Figure 4 Example of small patent ductus arteriosus in a 4-year-old boy. A continuous murmur was present but the oxygen data were inconclusive. Early appearacnces are noted in the pulmonary arteries, but not in the right ventricle. The thermistor curves in these and the following figures (at the top) rise with expiration, fall with inspiration, and move sharply down wvhen the gas is delivered. This and the pressuure drop in the bag are indicated by the first arrow, and arrival of hydrogen. ait the platinum is marked by the second arrow.
Circulation, Volume XXVIII, October 1963 site of left-to-right shunting, when the latter is conclusively localized by oxygen data and other means to that chamber alone. For example, in patients with patent ductus arteriosus, pulmonary regurgitation was suggested by early hydrogen appearance in the right ventricle and was confirmed by angiocardiography. Similarly, tricuspid regurgitation associated with ventricular septal defect may be distinguished from an associated atrial septal defect by the use of a catheter with a second platinum ring placed 5 cm. proximal from the distal electrode." In these instanees the arrival time of the hydrogen acts as an extremely sensitive indicator, which, while not diagnostic in itself, can be used in conjunction with angiographic and dye-dilution technics.
Artifacts and Errors
Utmost care must be taken to verify the proper responsiveness of the detecting catheter tip, since serious errors in interpretation may result otherwise ( fig. 9 ). Two such instances were encountered that were not in- eluded in this series. One was the case of an 11-year-old girl with a known eoronary AV aneurysm draining into an unknown site. Although initial hydrogen curves were negative, dye-dilution technics pointed to the right ventricular outflow traet as the site of drainage. It was then realized that the hydrogen procedure had failed because of unresponsiveness of the system. More recently the recommended verification procedures have been strietly followed and no such negative curves have been obtained.
In five patients with ventricular septal defect, late hydrogen arrival times were detected low in the body of the right ventricle, while a higher position of the saine catheter tip permitted the recording of early arrival times (figs. 3 and 5). These records emphasize that errors in interpretation may arise if the position of the recording electrode is not carefully noted.
Three observations were made of early arrival of indicator in the pulmonary artery and right ventricle in a 13-year-old boy with severe aortie regurgitation ( fig. 2) . At surgery, aortie regurgitation was repaired by replacement of one of the posterior cusps but no ventricular septal defect was detected. Although it is well recognized that the ven-547 Figure 7 A smaall ventricular septal defect was diagnosed in a 2-year-old girl by the early arrival time of hydrogen gas in the right ventricle. The wedge pulmonary venous appearance time (A) did not serve as a good control because no flow occurred along its tip. The small early curves in the right atrium and superior vena cava (E, F) may reflect coronary flow. tricular septal defect combined with aortic regurgitation may be small and difficult to locate, this case must be classified as our only instance of false positivity. One early curve, registered in each of two patients without shunt, not included in this study, with a consistent arrival time of 0.7 second in the femoral artery and of 1.7 second in the right side of the heart must be classified as a " high output" state. When a rapid circulation time inherent in the "high output" state is suspected, the limit of 4 (fig. 9E) . Also, rather commonly infants and young children when startled by the administration of a large volume of gas in a single "blast" may have baseline disturbances at the time of gas inhalation. Gentleness and care in the delivery of smaller volumes of hydrogen gas will eliminate this problem. Tight electrical connections are essential. Normal or slightly increased inspiration by itself will not alter the baseline (fig. 9C,D,E) , except when the catheter tip is located in the right atrium.
Although the wedged pulmonary artery position has been recommended'2 as a site to verify the appearance of the hydrogen gas in the pulmonary vascular tree, this was found to be unsatisfactory, since considerable differences were found in the arrival time (from 0.8 to 6.0 seconds) (figs. 7 and 8). Undoubtedly variations in position of the sensing element, differences in distance of the catheter tip from the alveolar membrane, and the possibility of interstitial obstruction to the diffusion of the gas make this procedure unreliable for verifying the responsiveness of the system. On the other hand, pulmonary venous sites, provided they are not wedged, invariably yield an accurate indication.
No untoward incidents have been encountered during these studies. Nevertheless, the Figure 8 Arrival times in pulmonary artery (B) and right ventricle (C) via the ventricular leftto-right shunt in a 9-month-old child, are earlier than those of the gas diffusing back from the alveolar space to the wedged pulmonary artery catheter (A). When the catheter was positioned in the right atrium (D) or near the coronary sinus (E), a small early curve was registered, presumably representing coronary flow, but simulating a small left-to-right shunt via a patent foramen ovale or atrial septal defect. No such curve appeared on the control curve from the superior vena cava (F). All studies were done with the patient asleep. Figure 9 Various types of artifact. Overzealous cooperation of an adult with a ventricular septal defect and pulmonary vascular obstruction (A, B) may result in involuntary breathholding (Thermistor shows a flat line in the lower part of the tracing.) Increased but not excessively deep breathing by a 12-year-old boy with a ventricular sep7tal defect yields higher curves than with normal respirations (C, D). Respiratory variation is rarely present except occasionally in the right atrial tracings (E). In a sleeping patient, a 2-month-old infant with cardiomegaly and cardiac failure with no shunt, the gas was delivered with excessive force (F); with normal force an equal appearance time results, although the curve is lower (G). Sudden shifts in baseline (also shown in figure 7E, F) , are easily recognized by their short duration.
Circulation, Volume XXVIII, October 1963 highly explosive nature of hydrogen gas cannot be overemphasized. Adequate ventilation of the laboratory must be provided to prevenit accumulation of the gas to concentrations approaching 5 per cent. Electrical equipment must not be switched on or off after the release of the gas until sufficient time has elapsed to permit adequate dispersion of the gas.
Furthermore, the hazard of inducing ventricular fibrillation and other arrhythmias via the internal electrode must be emphasized, since currents as low as 0.00004 ampere and 0.06 volt have been shown to induce ventricular fibrillation in dogs. 10 The electrical equipment must be tested to insure that it will not induce such hazards. Careful attention to the connection of all electrical equipment to a common ground should be made. Summary In 60 patients with congenital heart disease 210 observations with hydrogen gas as an indicator for left-to-right shunts were recorded at cardiac catheterization. All but nine had other definite evidence of the presence or absence of left-to-right shunting. In these nine, 21 early hydrogen arrival times formed the only conclusive evidence of leftto-right shunting.
Although hydrogen and oxygen may form a highly explosive mixture, pure hydrogen used with proper precautions is a safe, reliable, and extremely simple indicator, eminently suited as a rapid screening procedure or as a supplementary tool in cases in which left-to-right shunts are difficult to prove.
Addendum
Since the completion of this report an additional 183 hydrogen curves, obtained from 26 patients, were analyzed, and the findings confirmed the conclusions reached above. There were 18 patients of the new total of 86 in whom oxygen data for a left-to-righ-t shunt weTe equivocal; confirmation of the hydrogen results was obtained in 11 by means of surgery, cineangiocardiography, dye-dilution curves, and internal phonocardiograms.
